KNi 2 Se 2 exhibits an increase of symmetry on cooling below T ≤ 50 K, as observed by Raman spectroscopy and synchrotron x-ray diffraction. X-ray absorption spectroscopy confirms that the symmetry increase is due to changes in nickel-nickel interactions and suppression of charge density wave fluctuations. Density functional theory calculations reveal a zone-boundary lattice instability that provides a model of the room-temperature x-ray pair distribution function data, but fails to describe the higher local symmetry observed for T ≤ 50K. Together, these results support many-body correlation effects as drivers for the unusual heavy fermion electronic ground state in KNi 2 Se 2 .
KNi 2 Se 2 exhibits an increase of symmetry on cooling below T ≤ 50 K, as observed by Raman spectroscopy and synchrotron x-ray diffraction. X-ray absorption spectroscopy confirms that the symmetry increase is due to changes in nickel-nickel interactions and suppression of charge density wave fluctuations. Density functional theory calculations reveal a zone-boundary lattice instability that provides a model of the room-temperature x-ray pair distribution function data, but fails to describe the higher local symmetry observed for T ≤ 50K. Together, these results support many-body correlation effects as drivers for the unusual heavy fermion electronic ground state in KNi 2 Se 2 .
Strong electron-electron and electron-phonon interactions give rise to broken symmetry states. A prototypical example is the charge density wave (CDW) state, which lowers the symmetry and introduces an additional periodic modulation of electron density. [1] [2] [3] CDWs belong to a larger family of spontaneous charge separation phenomena, such the charge ordering observed in the manganites [4, 5] and organic conductors. [6] In these materials, the formation of chargeseparated states is almost always observed at low temperature, when thermal fluctuations are no longer able to disrupt the electronic order. In rare situations, many-body interactions can produce a re-entrant transition in which the charge periodicity is destroyed and higher symmetry is restored on further cooling. [6, 7] In fact, a decrease of charge-order fluctuations on cooling has been observed in metallic organic conductors with 1/4-filled bands that are close to charge order; the experimentally observed response is rather weak since the effect results from the electronic repulsion within a single band. [8] We have recently discovered that KNi 2 S 2 [9] and KNi 2 Se 2 [10, 11] have signatures of CDW fluctuations at room temperature that disappear below T ∼ 50 K. This surprising observation has stimulated extensive experimental [12] [13] [14] [15] [16] and theoretical [7, [17] [18] [19] [20] studies aimed at understanding the unusual nature of charge coupling with spin, orbital, and lattice degrees of freedom.
Most strikingly, KNi 2 Se 2 shows an increase of carrier mobility (µ) below T ∼ 50 K that occurs at the same temperature at which CDW fluctuations disappear. The compound enters a heavy fermion state below T = 20 K with an effective electronic mass of m * ∼ 6 to 18m b , and superconductivity below T c =0.8 K. [10] Our studies showed that the magnetic response is rather weak and temperature independent. [10] An explanation of a heavy fermion state was proposed in terms the fluctuation of a CDW involving electron-electron correlations. [7] . The theory suggests that the loss of CDW fluctuations at low temperature results from both many-body physics and the hybridization between the localized, 1/4-filled band and a dispersive conduction band.
In this letter, we determine that there is an increase in symmetry on cooling in KNi 2 Se 2 , likely driven by electronic correlations. Raman spectroscopy provides direct evidence for the increase of local point group symmetry and loss of CDW fluctuations in KNi 2 Se 2 on cooling. An analysis of the structure derived from high-resolution powder synchrotron x-ray diffraction (SXRD) shows signatures of the CDW fluctuations, due to out-of-plane displacements of Ni atoms at room temperature, that then disappear on cooling. X-ray absorption spectroscopy (XAS) and the extended x-ray absorption fine structure (EXAFS) confirm that the CDW fluctuations arise from displacements of the positions of nickel atoms. Density functional theory (DFT) calculations predict an intrinsic lattice instability driven by electron-phonon coupling. A calculated imaginary frequency phonon mode at the zone boundary qualitatively reproduces the room-temperature distortion observed by synchrotron x-ray total scattering, but fails to describe the low temperature ground state of KNi 2 Se 2 . In agreement with the theoretical work on the canonical CDW materials, [2] , the nature of the CDW fluctuations in this maarXiv:1310.6828v1 [cond-mat.str-el] 25 Oct 2013 terial implies that the fluctuations are not driven by Fermi surface nesting, but are instead driven by local bonding interactions.
Raman spectra were obtained from the (ab) plane of single micro-crystals in a parallel-sided fused silica capillary (evacuated to p He = 10 torr at RT) in a T64000 Jobin-Yvone spectrometer equipped with an Olympus microscope. The laser power was below 0.3 mW to avoid sample heating, estimated by comparing Stokes and anti-Stokes spectra at T = 200 K. From a symmetry analysis of the low-temperature crystal structure presented in Ref. [10] (space group I4/mmm), we expect four Raman-active optical phonons. [21] In particular, Ni atoms in (4d Wyckoff positions, Ref. [11] ) contribute B 1g and E g modes, of which only B 1g is observed in the (ab) plane. Se atoms (4e Wyckoff positions, Ref. [11] ) show A 1g and E g Raman active modes, of which only A 1g is observed in the (ab) plane. Indeed, in the Raman spectra at the lowest temperatures we observe two strong bands, located at 171 and 219 cm −1 (21.2 and 27.2 meV; Fig. 1 ), which we assign to the B 1g vibration of Ni atoms and the A 1g vibration of Se atoms, respectively, based on our calculations and Ref. [12] . The low temperature spectrum of KNi 2 Se 2 has a shape very similar to the non-stoichiometric compound K 0.95 Ni 1.86 Se 2 , for which no distortion is reported, [12] even though the frequencies in the spectra of KNi 2 Se 2 are higher.
On increasing the temperature above T > 50 K, the lowerfrequency Raman band shifts to higher frequencies, and another phonon becomes well resolved at 186 cm −1 . This shape of the spectra persists to room temperature. The appearance of an additional phonon mode for T > 50 K is a direct evidence for a decrease in local point symmetry of KNi 2 Se 2 on warming.
At T = 50 K Rietveld analysis of the high-resolution SXRD data [9, [22] [23] [24] reveals a change in the average structure that gives the best description of the data [Fig 2(c) ]. For T ≤ 50 K, the nickel atom is found at the 4d Wyckoff position, (0, 0.5, 0.25). However, for T > 50 K, the goodness-of-fit (g.o.f.) is improved by displacing the Ni atom from this ideal position to the 8g Wyckoff position (0, 0.5, z) with a 50% fractional occupancy, as illustrated by the T = 300 K Fourier difference maps in Fig. 2(d) . This demonstrates an apparent decrease in the local symmetry of Ni positions on heating above T > 50 K. In fact, if we describe the Ni atoms using the 8g Wyckoff positions in a I4/mmm unit cell, we would expect two Ni Ramanactive modes (A 1g and B 1g ) in the (ab) plane, in agreement with our experimental Raman spectra at T > 50 K.
XAS data (beamline 20-BM-B [25, 26] ) within the measured temperature range from T =300 to 8.5 K show no significant changes of the formal valence (Ni 1.5+ , Se 2− ), as neither Ni nor Se K edges move in energy within the uncertainty of the XAS experiment (∆E ∼ 0.05 eV). This confirms our previous speculation that the charge fluctuations are not due to single-ion effects, but instead result from nickel-nickel interactions. However, several different methods indicate slight changes in the unit cell and details of crystal structure as a function of temperature, showing that the local symmetry change is due to the Ni atoms.
There is a significant redistribution of the Fourier- transformed EXAFS signal (in real space) for the Ni K edge as a function of temperature [ Fig.3(a) ], indicative of a change in the Ni coordination environment. In contrast, there is no shift in the Se K edge EXAFS [ Fig.3(b) ]. The EXAFS confirms that it is the nickel atoms that are responsible for the apparent local increase of symmetry on cooling. The EXAFS data were quantitatively modeled using the average I4/mmm crystal structure to simulate the path lengths out to a cluster size of ∼ 4.5Å. The quality of fit of the model, as judged by the R-factor (R = [∑(data−fit) 2 ]/[∑(data) 2 ]), is temperature independent from 8.5 ≤ T ≤ 75K (∼ 0.7±0.1%); above that temperature the R-factor increases nearly linearly to 2.2% by T = 300 K. This reduced fit quality is also visible in Fig.3(c) and (d) and indicates that the average crystal structure does not accurately describe the local Ni and Se environments for T > 75 K. Attempts to fit a distorted model to the higher temperature EXAFS were unreliable. The fits of the ideal undistorted structure provide physically meaningful temperature dependences of the path length changes (r − r 0 ) and mean-squared displacements (σ 2 ).
The Ni-Se (Ni edge, Ni to Se path; 4× degenerate) and SeNi (Se edge, Se to Ni path; 4× degenerate) paths show very little temperature dependence [ Fig.3(e) ] and the σ 2 exhibit the expected gradual increase on warming. The Se-Se path (Se edge, Se to Se nearest neighbor) also does not show any temperature dependent inflections. In contrast, the Ni-Ni path (the 4× degenerate nearest neighbor nickel separation) has a significant temperature dependence, showing that the distance between Ni atoms decreases on cooling from T = 300 K, saturating around T ∼ 50 K, which is consistent with the Ni atom position from Rietveld analysis. The next-nearest Ni-Ni separation [Ni-Ni(2); 4× degenerate] shows a sharp inflection at T = 75 K, consistent with the out-of-plane displacement of the Ni position determined by X-ray diffraction. While the significant error bars and increase in σ 2 prevent an accurate assignment of the exact disposition of that path length at high temperatures, it is clear that the microscopic Ni environment changes at T ∼ 75 K.
DFT calculations were carried out to gain insight to the nature of the observed structural distortions. A linear-response DFT calculation of the zone center phonons [27, 28] for the low-temperature I4/mmm crystal structure of KNi 2 Se 2 generally agrees with the results of the Raman scattering measurements [29] , as well as with the mode energies and assignments reported in Ref. [12] . Calculation of the in-plane phonon dispersion reveals an imaginary frequency eigenvector at the X point in the Brillouin zone [ q = ( 1 2 0 0), E = 5.2i meV, Fig. 4 ]. Imaginary frequency modes from DFT can be indicators of lattice instabilities, as exemplified by the localized, aperiodic distortions in Bi 2 Ti 2 O 7 . [30] In the present case, this prediction for a distorted ground state contrasts with the experimentally observed undistorted ground state at the lowest temperatures measured (see Figures 2 and 3 , and Ref. [10] ). This contradiction suggests that the level of theory used for the DFT calculations lacks the ability to adequately describe the structure. However, this predicted lattice instability does resemble the distortion of KNi 2 Se 2 observed above T ∼ 50 K. The primary polarization components of the imaginary frequency eigenvector are out-of-plane Ni displacements, as illustrated in Fig. 4(a) [±z, with a small component along x, such that z ∼ 3x].
To determine the validity of the distortion predicted by DFT, X-ray total scattering experiments were performed to identify the distortion (APS, 11-ID-B, 90 ke, Q max = 30Å −1 [31] [32] [33] [34] ) The DFT-predicted distortion (after scaling the amplitude by a least-squares fit) does not directly improve the fit to the x-ray PDF at room temperature where we see the evidence for CDW [ Fig.4 (c) and (d); [35] ]. However, using ISODISTORT [36] , the imaginary-frequency zone-boundary phonon polarizations were decomposed into the subgroup symmetry, C2/m [37] , which allowed for an excellent description to the PDF out to r = 10Å after a least-squares refinement [ Fig. 4(c) and (d) ]. The resulting configuration contains short and long Ni-Ni bonds, akin to the long-range ordered CDW modulations in the structurally related compounds, SrRh 2 As 2 [38] and KCu 2 Se 2 . [39] While the bond distances from the room temperature PDF can be described by a C2/m distortion, the overall crystal symmetry determined by high-resolution SXRD remains I4/mmm. While the space group setting that we used with C2/m should have more modes visible in the Raman spectrum, the true atomistic configuration may possess pseudo-symmetry, such that the local point group symmetries do not provide additional modes than beyond what is observed. The Ni atoms exhibit the most significant distortions. Therefore, we expect that only the Ni point group symmetry is significantly changed with temperature, and the distortions are oriented out of the plane. These results are in agreement with the Rietveld analysis of SXRD data [ Fig.2(c)] and Raman scattering.
An additional piece of evidence for the importance of electronic correlations is an increase in unit cell volume on cooling below T ∼ 20 K, yielding a negative coefficient of thermal expansion [ Fig. 2(a,b) ]. This result is highly reproducible on several heating and cooling cycles, akin to KNi 2 S 2 . [9] A negative coefficient of thermal expansion can be a signature of the formation of a heavy fermion state (confer CeAl 3 [40] ). The observed temperature dependence of the unit cell coincides with changes in the carrier mobility and suggests that the structure and electronic properties are highly correlated.
In conclusion, this letter shows a direct evidence of a decrease of local symmetry in KNi 2 Se 2 with increasing temperature. Out-of plane Ni atom displacements are a signature of CDW fluctuations driven by local Ni-Ni interactions, rather than Fermi surface nesting, that do not exhibit any long range order, and do not reduce the average I4/mmm symmetry of the unit cell. Raman spectroscopy directly demonstrates the lowering of local symmetry at high temperatures. Generally, a raising of symmetry on cooling is unusual, as it naively suggests an increase in configurational entropy, when considering only the degeneracy of lattice modes. Hybridization of localized orbitals with the conduction band, as previously proposed, [7] may provide a state in which the total entropy is decreased by such a raising of lattice symmetry and explain why our DFT calculations fail to correctly predict the ground state of this material. Such interactions between localized and delocalized electronic systems have been proposed as an origin of nematicity, coherence/incoherence crossover and heavy electrons in the iron-based superconductors, [6, 16, 17, [41] [42] [43] [44] . The work presented here unambiguously demonstrates the presence and importance of charge-lattice coupling in ThCr 2 Si 2 -type materials.
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